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As described in previous articles, a unique experimental method was used to
test the new Beam Waveguide (BWG) antenna at Deep Space Station 13 in the
Goldstone Deep Space Communications Complex near Barstow, California. The
methodology involved the use of portable test packages to make measurements
of operating noise temperatures and antenna efficiencies (as functions of antenna
pointing angles) at the Cassegrain focal point and the final focal point located in
a subterranean pedestal room. Degradations caused by the BWG mirror systems
were determined by making comparisons of the measured parameters at the two
focal points of the antenna. Previous articles were concerned with the design,
performance characteristics, and test results obtained with an X-band test package
operating at 8.45 Glz. This article discusses a Ka-band test package designed for
operation at 32 GHz. Noise temperature measurement results are presented for the

Ka-band test package in an “on-the-ground” test configuration.

l. Introduction

Previous articles [1,2] have given detailed descriptions
of the test package design, performance characteristics,
and test results for the X-band package in “on-the-
ground” and “on-the-antenna” test configurations at
8.45 GHz. It was shown that the X-band test package was
used successfully to test the new DSS 13 BWG antenna at
8.45 GHz.

This article is the third in a series of reports on the
measured performance of the new BWG antenna. In this
article, the design of a test package developed for Ka-
band is described. In addition, measured operating noise

temperatures for the Ka-band test package in the on-the-
ground test configuration are presented. A companion ar-
ticle, “Part II,” in this issue presents the results of tests
performed on the new BWG antenna with the Ka-band
test package.

Il. Ka-Band Test Package Design

Figure 1 shows the system block diagram of the Ka-
band test package. Depicted are typical Cassegrain front-
end microwave components, such as a horn, polarizer,
round-to-rectangular transition, and a waveguide switch.
When the Ka-band WR28 switch is in the antenna path
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configuration, the switch connects the horn assembly to
a WR28 coupler followed by a cryogenically cooled high-
electron-mobility transistor (HEMT) and a downcon-
verter. The insertion loss of the path between the horn
aperture and the input of the HEMT at 32 GHz is 0.27 dB
+0.02 dB.

When the switch is in the ambient-load path config-
uration, the switch connects an ambient thermal refer-
ence load to the HEMT. System linearity calibrations are
performed with a remotely controlled noise diode assem-
bly. Noise temperature calibrations are performed with
an ambient-load thermal reference termination, in which
is embedded a digital readout thermometer. For this Ka-
band test package, the microwave signal is downconverted
to an intermediate frequency (IF) of 60 MHz and sent via
a coaxial cable to a power-meter total-power radiometer
system.

The requirement of testing the antenna at F1 and F3
required the test package to be convertible from a 29- to
23-dBi horn configuration. The conversion is accomplished
through the use of horn extensions of the same taper going
from an aperture diameter of about 5.122 in. to 1.986 in.
Figures 2 and 3, respectively, are photographs of the fab-
ricated and assembled Ka-band test package in its 29-dBi
horn configuration for testing the system on the ground.
The test package in the 29-dBi horn configuration, as mea-
sured from the bottom of the lower frame to the horn aper-
ture, is about 8.5 ft high, while the 23-dBi configuration
is about 14.3 in. shorter.

The Ka-band HEMT assembly shown in Fig. 2 is a
four-stage amplifier with an overall gain of 24.4 dB and
an effective input noise temperature of 56.6 K. Following
the HEMT assembly are waveguide components and a Ka-
band downconverter assembly (Fig. 3). A block diagram
of the Ka-band downconverter assembly is given in Fig. 4.
The vital components of this downconverter assembly are
a stainless steel WR28 guide section for thermal isolation,
a 32-GHz bandpass filter, a 3.5-dB noise figure mixer, an
IF bandpass filter, and a thermoelectric temperature con-
troller. The system operates double sideband, where input
signals in the bands (31.89 to 31.99.GHz) and (32.01 to
32.11 GHz) become downconverted to an IF band of 10 to
110 MHz, whose center frequency is 60 MHz.

Early in the development stage, considerable gain insta-
bility problems were experienced with the Ka-band down-
converter. The problems were finally overcome with the
installation of the thermoelectric temperature controller
(see Fig. 3), which maintained the temperature inside the
downconverter to within +£0.4 deg C. After installation of
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the thermoelectric cooler, the gain change during a typical
day was reduced from 0.95 dB to about 0.13 dB.

The Ka-band noise diode assembly (Fig. 5) provides
an injection signal of about 81 K into the HEMT and is
used to check system linearity. Measurements of the excess
noise injected are made when the waveguide switch is first
in the antenna position and then in the ambient load po-
sition. The difference in the excess noise measured in the
two waveguide positions provides a means for determining
noise-temperature measurement-system nonlinearity.

lll. Radiometer System

Although the radiometer computer system is not part
of the test package, the test package had to be designed
specifically to interface with the computer-controlled ra-
diometer system. For either the X- or Ka-band test pack-
ages, the downconverted output is sent to the computer-
controlled radiometer system via a coaxial cable.

Figure 6 is a block diagram showing the interface be-
tween the Ka-band test package and the total-power ra-
diometer system. The IF noise power is measured with
a Hewlett-Packard 436 A Power Meter. An IBM personal
computer sends commands to change the waveguide switch
to a thermal reference load position and reads the digital
information on the thermal reference load to a resolution of
40.01 deg C. Power meter readings at the zero and am-
bient load positions provide a calibration curve of power
meter readings versus operating noise temperature. The
computer commands the noise injecting diode to turn on
and off in the ambient load and antenna positions, and
performs calculations of system linearity, gain changes,
and operating noise temperature. Calibrations are per-
formed every 30 minutes or as often as commanded, and
operating noise temperatures are computed every second
or integrated over a desired time interval and then dis-
played on the screen and at the line printer. The data are
automatically stored on the computer disk file.

For good operation for this particular Ka-band test
package with respect to power meter resolution and system
linearity, it was found that the input to the power meter
sensor should be about 700 nanowatts when the waveguide
switch was in the antenna path configuration. The ad-
justment of power levels was achieved with appropriate
padding in the system and use of a variable IF attenuator
in front of the power meter sensor.

Calibration and error analyses equations for the cali-
bration method of this measurement system are based on



equations given in [3]. An option is available in the com-
puter data reduction program to correct the measured op-
erating noise-temperature values for nonlinearity [4]. More
discussions of the calibration method and associated errors
are given in Appendix A.

IV. Test Results

Figures 7(a) and 7(b) show examples of the overall
system performance of the Ka-band test package on the
ground at DSS 13 when the thermoelectric temperature
controller was in operation. The symbols show data points
for mini-calibrations performed every 30 min. During
the 25-hr test period shown, the linearity factor remained
nearly constant between 0.99 and 0.98. The gain factor
varied between 1.00 and 0.99, which corresponds to a peak-
to-peak gain change of only 0.04 dB. As may be seen in
Fig. 7(b), the ambient-load physical temperature varied
from a minimum of 2.7 to 16.1 deg C. Comparisons of the
ambient-load physical temperature and gain factor plots
show that they are correlated. Tests have shown that for
ground tests, the outside air temperature and ambient-
load physical temperatures track within a few deg C.

Noise-temperature symbols are used in the following
equations, as well as in a table of results. For the reader’s
convenience, the symbols are defined in Table 1. When
the test package is on the ground, the general expression
for the operating noise temperature is

’
T,
ch t
Top .: Latmeg + Lau:: + ng + Them: + Tjup (1)

Under standard conditions at 32.0 GHz, the component
values are T}, = 2.0 K, Ty = 7.02 K, Ty =
1767 K, Them: = 56.6 K, Trup = 1.8 K, Lysn, = 1.02683
(corresponding to 0.1150 dB), and L,, = 1.06414 (cor-
responding to 0.27 dB). Substitutions of the values into
Eq. (1) result in a predicted T, of 84.5 K.

Table 2 shows a tabulation of the Ka-band measure-
ments for ground observations from October 12, 1990
through January 31, 1991. The grand average of the T,
values shown in Table 2 is 84.7 K, with a peak-to-peak de-
viation of +1.6/ — 1.7 K. The uncertainty associated with
the grand average is estimated to be of 1.5 K (one stan-
dard deviation). This measured value of 84.7 K is in close
agreement with the predicted value of 84.5 K.

Included in Table 2 are tabulations of the observation
periods, the measured operating noise-temperature values,

weather information, and normalized values after correc-
tions were made for weather and the waveguide physical
temperature values. This table shows the methodology
used for normalizing zenith operating noise-temperature
data to standard conditions. The normalized value of Top
is computed from

Ty = Top + 22 ( ! ! )
opm T mer ng Latm,s Latm
1
+ L_W(Tatm,s - Tatm) + (ng,s - ng) (2)
where Ty, Tatm, Ty, and Ly, are, respectively, the aver-

age measured Top, computed Ty, Twg, and Lgym values
given in Table 2. The values used for normalizing the mea-
sured values were Tgim s = 7.02 K (for a 32-GHz Goldstone
average clear atmosphere) and Laim s = 1.02683 (corre-
sponding to 0.1150 dB). Other Ka-band (32.0 GHz) values
used for normalizations were T}, = 2.0 K, L,,, = 1.06414
(corresponding to 0.27 dB), T4, = 17.67 K for the above
Lyg4, and a standard physical waveguide temperature of

20 deg C.

At Ka-band, weather changes can cause significant vari-
ations in atmospheric noise contributions to operating
noise temperatures. As may be seen in Table 2, the appli-
cations of weather corrections enabled significant improve-
ments to be made to the operating noise temperatures for
purposes of comparisons for measurements made at time
periods separated by days and months.

Figure 8 shows curves of Ka-band atmospheric noise
temperatures as functions of typical weather parameters
during a calendar year at DSS 13. Tt is of interest to note
that at Ka-band, typical weather conditions during the
year at DSS 13 can cause the atmospheric noise tempera-
tures to vary from 4.5 to 31.2, which represents a peak-to-
peak variation of about 27 K. Method 1 of computer pro-
gram SDSATM7M.BAS!, described in [2], was the method
used to derive values for Fig. 8. Method 1 was also used to
make weather corrections for the noise temperature results
presented in this article.

V. Concluding Remarks

Numerous Ka-band total-power radiometer tests on the
ground showed that with a thermoelectric temperature

! Courtesy of S. D. Slobin of the Jet Propulsion Laboratory, Pasa-
dena, California. SDSATM7M.BAS is a modified version ol
SDSATM4.BAS, but gives the same answers.
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controller for the downconverter, gain changes were held
to less than 0.2 dB over a 24-hour period, which is about
as good as can be expected with a Ka-band total-power
radiometer. Even when gain changes were large (before
installation of the thermoelectric temperature controller),
some of the gain instability problems were overcome by
performing mini-calibrations more frequently than the nor-

mal 0.5-hr interval and by using the mini-calibration data
to compute near-real-time corrections for gain changes.
The combination of using a radiometer with small gain
changes and performing more frequent mini-calibrations
enabled better quality noise-temperature data to be ob-
tained than was originally thought possible from a Ka-
band total-power radiometer system.
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Table 1. Definitions of symbols and abbrevlations

Symbol Definition

Teo' Effective noise temperature contribution to Top from
the cosmic background radiation, K. This value is a
function of frequency and will differ from the actual
cosmic background noise temperature of 2.7 K [5]2.

T Cosmic background radiation noise temperature,
nominally 2.7 K

h Planck constant

f Frequency, Hz

k Boltzmann constant

Tatm Atmospheric noise temperature, K

Twg Noise temperature due to waveguide loss between the

horn aperture and the input flange of the HEMT, K

Them: Effective noise temperature of the HEMT as defined at
the input flange of the HEMT, K
Tiup Effective noise temperature of the follow-up receiver

(downconverter + cables + power meter, etc.) as
defined at the input flange of the HEMT, K

Top Operating noise temperature as defined at the
input flange of the HEMT, K

RH Relative humidity

HEMT High-electron-mobility transistor

Lyg Loss factor for the waveguide between the horn aperture
and the input flange of the HEMT, power ratio > 1

Laem Loss factor of the atmosphere, power ratio > 1

s T =T, [;ﬁ} where T = klé"{b' (See details in [5].)
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Table 2. Ka-band (32-GHz) measured zenith operating noise temperatures corrected for weather and waveguide noise changes.
Ka-band test package is on the ground.

Average Average Computed Computed Physical T Normalized®
Observation Measured Weather Tatm, Latm, Waveguide ;‘;g ' Top,
Top, K During Obsv. K ratio Temp., deg C K
10/12/90 85.5 896.3 mb 6.83 1.0258 18.9 17.61 85.7
DOY 285 17.9 deg C (0.1104 dB)
0900-1250 UT 15.8% RH
11/09/90 87.5P 903.6 mb 8.58 1.0324 15.0 17.38 86.3
DOY 313 14.9 deg C (0.1386 dB)
1500 UT 31.7% RH
01/19/91 83.9 895.8 mb 7.91 1.0303 6.7 16.88 83.9
DOY 019 7.12 deg C (0.1296 dB)
1000-1500 UT 44.3% RH
01/31/91 80.5 903.1 mb 5.50 1.0211 1.3 16.55 83.0
DOY 031 5.3 deg C (0.0906 dB)
0300-1000 UT 13.7% RH

Grand average = 84.7
Peak deviations = +1.6/-1.7

2 Normalized Top values were computed through the use of Eq. (2).
b The Ka-band waveguide was cleaned and realigned in the test package.
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Fig. 2. Ka-band tesl package in its 29-d8i horn configuration for testing the system on the roof of the Telecommunications Building:
(o) showing Ka-band HEMT and (b) showing Ka-band ambleni-load ihermal relerence and downconverier
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Appendix A

Calibration Method and Error Analysis

This Appendix is written in response to numerous re-
quests to describe the calibration system in more detail,
and also to provide calibration and error analysis equations
applicable to the test package noise-temperature measure-
ment system. The measurement method and total-power
radiometer equations follow those originally developed by
Stelzried [3].

The principle of operation of the calibration system is
illustrated in Fig. A-1. Two power meter readings are
required to establish a linear power meter reading ver-
sus operating noise temperature calibration curve. The
first required point of the curve corresponds to the power
meter reading and an effectively zero!'? operating noise
temperature when the power meter is zeroed by means of
a remotely controllable coaxial switch that is terminated
with a coaxial termination (Fig. 6). The second required
point on the calibration curve corresponds to the power
meter reading and the operating noise temperature when
the waveguide switch is operated to be in the “ambient-
load” path position (configuration). In this switch posi-
tion, the waveguide ambient load becomes the input ter-
mination of the HEMT. The ambient load for this calibra-
tion system is used as the primary thermal noise reference
standard. Based on the assumption that the calibration
curve is linear, the two points are used to determine the
constants (slope and intercept) of the calibration curve.

When the measurement system is used for measur-
Ing antenna operating noise temperatures, the waveguide
switch is operated to be in the antenna path position. The
power meter value is read by the computer and then the
operating noise temperature (on the antenna) is computed
from the power meter reading and the constants of the lin-
ear calibration curve.

It is assumed that the operating noise temperature in
the ambient load configuration is well below the saturation
point on the curve shown in Fig. A-1. A linearity check is
accomplished by turning the noise diode on and off when
the waveguide switch is first operated to be in the antenna

path position and then to the ambient load path position.

! Typically, this reading is less than 3 x 10~* K for a system having
an overall gain of 60 dB. The exact value can be calculated from
an equation given by Stelzried?.

2C. T. Stelzried, “DSS 13 Radiometer System Status and Per-
formance,” Interoffice Memorandum CTS-90-001 (internal docu-
ment), Jet Propulsion Laboratory, Pasadena, California, January
30, 1990.

The excess noise due to the noise diode is computed and
the difference of excess noise measured in the two switch
positions provides a measure of the system’s nonlinearity.
An option in the computer program is provided for making
corrections for nonlinearity through the use of equations
derived by Stelzried in [4].

For purposes of performing an error analysis of the mea-
sured value of the operating noise temperature (on the
antenna), the following calibration equations are applica-
ble. It should be pointed out that in the main body of this
article, T,, was used to denote the operating noise temper-
ature in the antenna configuration. In the analysis below,
Topa and Topn are used to denote operating noise temper-
atures for the antenna and ambient-load system configu-
rations. The following general equations are applicable to
the X- or Ka-band test package noise-temperature mea-
surement systems:

Popa

Topa = Toph Poph (A_l)
Toon = Tye + 273.16 + 7, (A-2)
Te = Themt + Tfu (A'3)

where many of the symbols have already been defined else-
where in this article. Definitions for symbols not previ-
ously defined are 7,. = ambient load physical tempera-
ture in deg C, P,pr, = power meter reading in nW when
the waveguide switch is in the ambient-load path position,
and P,,, = power meter reading in nW when the wave-
guide switch is in the antenna path position.

For this particular calibration technique to be useful
in practice, it is required that 7. be known accurately
at the HEMT input flange, where 7, is defined above by
Eq. (A-3). For 7, to be known accurately, it is neces-
sary for Them to be measured extensively in the labora-
tory prior to the installation of the HEMT assembly into
the test package. Furthermore, it is assumed for this cal-
ibration method that 7}.,,; does not change with time or
with test package motions or antenna motions. It has been
found, based on two or more years of operation in the field,
that Them: does not change significantly with time or an-
tenna motion and the above assumptions are valid ones.
Hence, the cooled HEMT is an ideal low-noise amplifier to
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use for the noise measurement technique employed for the
test package calibration system. The follow-up receiver
noise temperature contribution (as defined at the HEMT
input) is usually measured after installations through the
use of a Yoot method. This follow-up noise temperature
contribution is also required to be constant with time. If
the HEMT gain is sufficiently high (> 30 dB) and the
follow-up receiver effective input noise temperature is less
than 500 K, the follow-up receiver contribution will be less
than 0.5 K. Therefore, there is less probability that insta-
bilities in the operating noise temperature measurements
will come from the follow-up contribution.

Another requirement for the calibration system is that
the ambient-load physical temperature T,. can be mea-
sured to a high degree of accuracy (better than
0.2 deg C). If the requirements for both T, and Type are
met, then updated measurements of T}, enable updated
values of Toppn to be calculated and enable gain changes
in the radiometer system to be isolated. Then, correc-
tions can be determined for gain changes and applied to
raw (uncorrected) measured operating noise temperature
values to obtain what the computer program has labeled
as “corrected system temperatures.” Unfortunately, this
terminology has caused some confusion in data compari-
son because Stelzried [4] also uses the same term to mean
an operating noise temperature corrected for both gain
changes and nonlinearity. The process of obtaining up-
dated values of 7). and corrected T, is accomplished au-
tomatically at any desired periodic interval or instanta-
neously upon command by an experimenter through the
use of a single computer keystroke operation. The proce-
dure for obtaining data for an updated noise temperature
calibration curve (Fig. A-1), making corrections for gain
(and linearity, if desired), is referred to as a “mini-cal”
(mini-calibration) operation?.

If T, is not known accurately or changes with time, the
errors produced on the measurement of T, can be calcu-
lated from the equations given below. Errors caused by
other error sources, such as uncertainties of the ambient-
load physical temperatures and power-meter reading er-
rors can be calculated from the error analysis equations
presented below.

Following the method given in 3], the root sum square

(rss) of the individual error contributions to the overall
Topa measurement error is
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2
ET"P“ = SQRT(ETopa/Tpc + E’Jz"opa/Te + ETQ‘opa/Popa

+ E%opa/Poph + E’IQ‘opa/mm) (A'4)

where SQRT denotes square root and the general symbol
of the form E,,, is used to denote the error in the value
of y due to an error in z.

Then,
EtopaiTpe = ’%TT‘:ZET,;C = ;‘:—Z:ETPC (A-5)
ETopajTe = ’aggia Ere| = ;1:: Ere (A-6)
ETopajPopa = ‘%Epopa = ﬁ:_:):EPopa (A-T)
Eropajpoph = ’gﬁ:: Epopn| = ﬁ::: Epoph (A-8)

Equations for Etopa/mm are involved and will not be pre-
sented in this Appendix. Computer programs for a per-
sonal computer have been written for the mismatch error
equations given by Otoshi [6]. Sufficiently good estimates
of the worst-case errors due to mismatch can be obtained
through the use of simplified error formulas given in [3].

In the above, it can be seen that in order to mini-
mize the error on the measurement of T,p,, it is desir-
able to make the ratio of Topp/T,pe as large as possible.
This goal is achieved in practice by selecting an accurate
hot reference load noise temperature that is much higher
than the antenna noise temperature to be measured and
by using a receiver with a low value of T,. For the case
where the ambient reference termination provides the hot-
source reference noise temperature, it is desirable that the
ambient-load operating-noise temperature be at least 10
times higher than the antenna operating-noise tempera-
ture. Examples of X- and Ka-band test package error cal-
culations are given in Table A-1.



Table A-1. Examples of errors in measurement of antenna

operating noise temperature

X-Band Ka-Band
Measured or known parameter values
Topa 30K 87 K
T, 134 K 58.4 K
Tp 293.16 K 293.16 K
Toph 306.56 K 351.56 K
Popa 700 nW 700 nW
Poph 7153 nW 2829 nW
lo estimate of individual error sources
Erpe 0.2 deg C 0.2 deg C
Expe 0.2 K 0.5 K
Epopa® 2.4 nW 2.4 nW
Epopn® 15.3 nW 6.7 nW
Error source contributions
ETopajTpe 0.02 K 0.05 K
Efopa/Te 0.02 K 0.12 K
ETopajPopa 0.10 K 0.30 K
EropasPoph 0.06 K 0.21 K
Topa 1ss error 0.12 K 0.39 K

# Assume that the power meter accuracy in nanowatts is given
by £(1 + 0.002 x PMR), where PMR is the power meter

reading in nanowatts.
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Fig. A-1. Example of a calibration curve for X- or Ka-band test package radiometer system.
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